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Xklp2, a Novel Xenopus Centrosomal
Kinesin-like Protein Required
for Centrosome Separation during Mitosis
Haralabia Boleti,* Eric Karsenti,*² and Isabelle Vernos* process of spindle assembly in Xenopus egg extracts
(Lohka and Maller, 1985; Sawin and Mitchison, 1991;*Cell Biology Programme
²Cell Biophysics Programme Shamu and Murray, 1992), we are using this system to
characterize KLPs involved in mitosis (Vernos et al.,European Molecular Biology Laboratory
Meyerhofstrasse 1 1993, 1995). In this paper, we report the characterization
of Xklp2, a novel plus end±directed Xenopus KLP, local-69117 Heidelberg
Federal Republic of Germany ized on centrosomes and required for centrosome sepa-
ration and maintenance of spindle bipolarity.
Summary Results
Xklp2 cDNA and Protein SequencesWe describe a novel Xenopus plus end±directed
kinesin-like protein (KLP), Xklp2, localized on centro- Several Xklp2 cDNA clones were isolated from a Xeno-
pus oocyte cDNA library as previously described bysomes throughout the cell cycle and on spindle pole
microtubules during metaphase. Using mitotic spin- Vernos et al. (1993). The overlapping sequences ob-
tained from three of these clones encoded a protein ofdles assembled in Xenopus egg extracts and different
recombinant GST±Xklp2 mutants, we show that this 1387 residues with a calculated Mr of 159,090 (Figure
1A). Although the nucleotide sequences obtained frommotor is targeted to spindle poles through its C-termi-
nal domain. Xklp2-truncated polypeptides lacking the the three clones were not 100% identical, the deduced
amino acid sequences were either identical or had con-motor domain block centrosome separation and dis-
rupt preassembled metaphase spindles. Antibodies servative changes. These results can be explained on
the basis of the polyploidy of the Xenopus genome (Ko-directed against the tail of Xklp2 have a similar effect.
These results show that Xklp2 protein is required for bel and Du Pasquier, 1986). Nonetheless, most of the
sequence (99.8%) contributing to the open readingcentrosome separation and maintenance of spindle
bipolarity. This study is an example of the application frame (ORF) came from a single clone.
The N-terminal sequence of Xklp2 was found to beof the dominant negative mutant effect on spindle as-
sembly in Xenopus egg extracts, demonstrating the highly similar to the motor domain of other KLPs (35%±
45% amino acid identity). The rest of the sequence ex-usefulness of this approach in probing the function of
proteins in this system. tending from the motor domain to the C-terminus
showed some similarity to proteins known to dimerize
and form coiled-coil structures (kinesin heavy chainIntroduction
stalk, 16% amino acid identity; proteins from the myosin
and paramyosin families, 18%±22% amino acid iden-Morphogenesis and function of the mitotic spindle re-
tity). These data indicated that, at the sequence level,quire a tight temporal and spatial control of microtubule
Xklp2 is not the homolog of any previously identifiednucleation and dynamics together with the activity of
KLP. In addition, a phylogenetic analysis (Bloom andmultiple microtubule-dependentmotors (Gorbsky, 1992;
Endow, 1994) showed that Xklp2 does not belong toKarsenti, 1991; McIntosh and Pfarr, 1991; Vernos and
any known KLP subfamily.Karsenti, 1995). It has been proposed that centrosome
separation requires kinesin-like proteins (KLPs) of the
bimC subfamily (i.e., KLP61F, Eg5, bimC, cut7, Kip1, Xklp2-Specific Molecular Features
Analysis of Xklp2 protein sequence by the PredictPro-and Cin8), although it is not entirely clear whether these
proteins are required to initiate centrosome separation tein program (Rost and Sander, 1993) suggested that the
protein consisted of two domains: a globular N-terminalor to maintain spindle bipolarity or to do both (reviewed
by Bloom and Endow, 1994; Saunders and Hoyt, 1992). domain (amino acids 1±360) corresponding to the puta-
tive motor domain, followed by an a-helical rod domainOnce centrosomes have separated, chromosomes os-
cillate between the two poles until they align on the extending all the way to the C-terminus (Figures 2B
and 2D). This rod domain was predicted by the PepCoilmetaphase plate. These movements seem to require the
combined activities of kinetochore- and chromosome- program (Lupas et al., 1991) to be involved in coiled-
coil interactions with two minor interruptions (Figure 2C).associated KLPs (McIntosh, 1994; Vernos and Karsenti,
1995). Other KLPs function during spindle elongation, In addition, analysis of the C-terminal region by the pro-
cedure of Heringa and Argos (1993) identified a se-or cytokinesis, or both (i.e., MKLP1, CENP-E, and CHO1;
Bloom and Endow, 1994). Many of these mitotic motors quence with the typical spacing of Leu residues found
in the Leu zipper motif (e.g., Lx(6)Lx(6)Lx(6)L; Figureshave been identified by genetic analysis. Although ge-
netics is a powerful tool to identify novel molecules 1A and 1D). Thus, in contrast with what is known for
many KLPs, Xklp2 appears to lack a distinct C-terminalinvolved in mitosis, it is often difficult to deduce the
exact function of the identified protein. In vitro systems globular domain (Figures 1B and 1C). However, we des-
ignate the region between amino acids 1137±1387 asprovide better temporal and spatial resolution and, in
addition, allow for direct interference with the process the tail domain to conform with the established nomen-
clature for KLPs.under study. Since it is possible to reproduce the whole
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Several putative phosphorylation sites were identified
in the Xklp2 sequence. Three potential phosphorylation
sites for cAMP/cGMP-dependent kinases and two for
tyrosine kinases are found close to the Xklp2 C-terminal
region (Figure 1A). In addition, a cdc2 kinase phosphory-
lation site ((T/S)PX(K/R);Nigg, 1993) is localized at amino
acid 666 (Figures 1A and 1D), where the predicted
coiled-coil structure of the stalk is interrupted.
Xklp2 Is Present Mainly in Gametes
and Dividing Cells
We raised three polyclonal antisera against fusion pro-
teins containing different regions of Xklp2 and one
against a synthetic peptide (see Experimental Proce-
dures; Figure 2A). All four antibodies recognized the
same broad band on immunoblots of Xenopus egg ex-
tracts (Figure 2B). This band corresponded to a protein
with an apparent Mr of around 160 kDa, close to the
calculated Mr of Xklp2. The signal detected on blots was
blocked by addition of 50±100 times molar excess of
antigen (Figure 2B). The anti-Xklp2-T, anti-Xklp2-S, and
anti-Xklp2-C antibodies immunoprecipitated the same
160 kDapolypeptide from egg extracts (data not shown).
Xklp2 could also be detected on immunoblots of Xen-
opus XL177 cell extracts, almost exclusively in the cyto-
solic fraction (Figure 2C), as well as in oocytes, testis,
and very faintly in all the other tissue extracts tested
(Figure 2D). The faint low Mr band detected in brain
extracts (better discerned in other preparations) was
also found in oocytes and was very prominent in stom-
ach extracts. It probably corresponds to a proteolytic
degradation product.
To estimate the abundance of Xklp2 in eggs and cells,
we compared the signal obtained with the anti-Xklp2-T
antibody on Western blots of egg and XL177 extracts
adjacent to known amounts of the glutathione S-trans-
ferase (GST)±Xklp2-T fusion protein. In undiluted egg
extracts, Xklp2 was estimated to represent 0.06% of the
extract protein corresponding to a concentration of 52
nM (16 mg/ml) using the Mr of a dimeric protein (unpub-
lished data). In XL177 cells, Xklp2 was estimated to
represent 0.014% of cell protein, corresponding to 46
Figure 1. Primary Sequence and Structural Features of Xklp2
(A) Xklp2 protein sequence. The consensus sequence for phosphor-
ylation by cdc2 (amino acids 666±669) and the Leu zipper motif
(amino acids 1356±1367) are underlined and in bold. Consensus
sequences for phosphorylation by cAMP kinase or tyrosine kinase
are underlined with a solid and a dotted line, respectively. Amino
acids are numbered on the right.
(B) Secondary structure predictions from the algorithm of Rost and
Sander (1993). A value representing the probability (in arbitrary units)
for each residue to be found in an a helix, b strand, or a loop
structure was assigned to each residue. The numerical value output
of the PredictProtein program was imported to the Kaleidagraph
3.0 program, and values were plotted as a bar graph. Only significant
values above five are shown.
(C) Coiled-coil structure prediction (Lupas et al., 1991).
(D) Schematic representation of Xklp2 protein structural organiza-
tion. The globular motor domain is stippled. The long coiled-coil
region (closed) has two interruptions (open). The putative tail region
is separated from the stalk by such a region. The putative cdc2
phosphorylation site and the Leu zipper are indicated.
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Figure 2. Antibodies to Xklp2 and Tissue Dis-
tribution
(A) Fusion proteins and the C-terminal pep-
tide used to raise and purify antibodies.
(B) Western blot of Xenopus egg extracts
probedwith the four different polyclonal affin-
ity-purified anti-Xklp2 antibodies (used at 0.1
mg/ml). Plus indicates that the antigen was
added in a 50±100 times molar excess, and
minus indicates that it was not. Mr markers
are indicated on the left. All the antibodies
recognized specifically the same band of
about 160 kDa.
(C) Immunoblots of XL177 cell extracts
probed with the anti-Xklp2-C antibody. (Top)
Postnuclear supernatant (PNS), nuclear frac-
tion, and total cell extract. (Bottom) Cytosolic
fractions from XL177 PNS: P1 and P2, 22,000
g and 185,000 g pellets; S/N1 and S/N2,
22,000 g and 185,000 g supernatants.
(D) Immunoblot of adult tissue extracts
probed with the anti-Xklp2-T antibody (0.5
mg/ml). Equivalent amounts of proteins from
the tissueextracts were loadedon a 8% SDS±
polyacrylamide gel. Low amounts of Xklp2
were detected in all tissues tested and high
amounts in testis, oocytes, and eggs. The
lower band detected in oocyte and stomach
is probably a proteolytic product.
nM (assuming a cell volume of 2.6 3 1029 ml; Hiller and 3B). The centrosomal staining increased during pro-
phase and prometaphase (Figures 3E and 3H) and re-Weber, 1978). Xklp2 is thus a protein of low abundance.
mained intense throughout mitosis (Figures 3K and 3N).
In addition, during metaphase, Xklp2became transiently
localized on spindle microtubules with a strong enrich-Microtubule-Binding Activity and Motility
ment at spindle poles (Figure 3K). A diffuse cytoplasmicProperties of Xklp2
staining, more intense innonpreextracted cells, was alsoXklp2 hasan ATP-dependent microtubule-binding activ-
observed throughout the cell cycle. The staining patternity. In egg extracts, Xklp2 copelleted with endogenous
was abolished by preincubation of the antibody with thetaxol-stabilized microtubules in the presence of AMP±
corresponding antigenic fusion protein (50±100 timesPNP and was released by 10 mM ATP (data not shown).
molar excess; data not shown). The centrosomal stain-The GST±Xklp2-M fusion protein containing the motor
ing was not abolished by nocodazole treatment of cellsdomain and part of the stalk (Figure 2A) had similar
(33 mM, for 12 hr) both in interphase and mitosis, indicat-microtubule-binding properties. Approximately 50% of
ing that Xklp2 centrosomal localization was not depen-the microtubule-bound protein was eluted by 10 mM
dent on microtubules (data not shown).ATP and 200 mM KCl. The eluted protein retained its
Xklp2 was also found in sperm centrosomes, indicat-ATP-dependent microtubule-binding properties (data
ing further that this protein was an integral componentnot shown).
of centrioles or pericentriolar material (data not shown).We used this eluted fraction to determine the motility
In the sperm, the pericentriolar material contains onlyproperties of Xklp2 in an in vitro motility assay (Hyman,
some of the proteins normally present in the pericentrio-1991; Chandra and Endow, 1993; Sellers et al., 1993).
lar material of somatic cell centrosomes. For example,The GST±Xklp2-M protein was perfused into a chamber
pericentrin is in the Xenopus sperm centrosome (Doxseycoated with the anti-Xklp2-S antibody. Then, polarity-
et al., 1994), whereas g-tubulin is not (Felix et al., 1994;marked rhodaminated microtubules were perfused into
Gard, 1994; Schatten, 1994). In addition, the incubationthechamber. Upon addition of 10mM ATP, microtubules
of sperm in egg extracts resulted in an increased Xklp2glided with their minus end leading at an average speed
staining around the centrosome, indicating that the pro-of 3.2 6 1.2 mm/min (n 5 90). Xklp2 is thus a ªslowº
tein stored in the egg is probably recruited on the spermplus end±directed microtubule-dependent motor.
centrosome following fertilization (data not shown).
Xklp2 Is Localized on Centrosomes Xklp2 Is Required for Spindle Assembly
and at Spindle Poles The localization of Xklp2 on centrosomesand the mitotic
The intracellular distribution of Xklp2 was determined apparatus suggested a possible function for Xklp2 in
by conventional fluorescence microscopy on XL177 spindle morphogenesis. To address this issue, we used
Xenopus cells using the anti-Xklp2-T antibody. In in- the in vitro spindle assembly assay developed in frog
egg extracts (Figure 4; Lohka and Maller, 1985; Sawinterphase, Xklp2 was detected on centrosomes (Figure
Cell
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between the two centrosomes (Figures 4E and 4G). An-
other one was formed by astral microtubules growing
toward the condensing chromatin (see small arrows in
Figures 4E and 4G). The third array of microtubules did
not originate from the centrosomes and seemed to form
directly around the condensed chromosomes (see large
arrow in Figure 4G). Finally, between 45 and 60 min, the
assembly of bipolar spindles was completed (Figures 4I
and 4K). Immunofluorescence staining of these spindles
by the anti-Xklp2-T antibody revealed that Xklp2 was
mostly localized at the spindle poles (Figure 4L).
We examined the function of Xklp2 by testing the
effect of truncated recombinant GST-tagged Xklp2 poly-
peptides on spindle assembly in vitro. We anticipated
that constructs, containing the tail of Xklp2 but not the
motor domain, would block the function of the endoge-
nous protein by competition, thus acting as dominant
negative mutants. When a fusion protein containing only
the tail of Xklp2 (GST±Xklp2-T, Figure 5A) was added
at the beginning of the assay, spindle assembly was
drastically inhibited, leading to the formation of abnor-
mal mitotic figures (Figure 5D). We found mostly rosette-
like structures in which radial arrays of microtubules
were surrounded by chromosomes (Figures 5Da, 5Db,
and 5Dh) as well as monopolar spindles (Figures 5Dc,
5Dd, 5Di, and 5Dj) sometimes aggregated, forming more
complex structures (Figures 5De, 5Df, and 5Dg). Another
construct containing the stalk and tail of Xklp2 (GST±
Xklp2-ST, Figure 5A) had similar effects (Figures 5B3 and
5C3). Fusion proteins containing only the stalk of Xklp2
(GST±Xklp2-S1 and GST±Xklp2-S2, Figure 5A) had no
effect on spindle assembly (Figures 5B2 and 5C2). Addi-
tion of phosphate-buffered saline (PBS) or GST protein
to the extract at the beginning of the experiment had
no effect either (Figures 5B1 and 5C1).
We used an anti-GST antibody to determine by immu-
nofluorescence the localization of the GST±Xklp2-T
fusion protein in the mitotic figures (Figures 5Dg±5Dj).Figure 3. Immunofluorescent Localization of Xklp2 in XL177 Cells
The fusion protein was found at the center of rosettesCells were preextracted with 0.5% Triton X-100 (4 s) and fixed in
MeOH at 2208C. They were triple stained with the anti-Xklp2-T in a double ring±like pattern apparently corresponding
(middle column), an anti-tubulin antibody (left column), and with to juxtaposed pericentriolar domains (see arrowheads
Hoechst (right column). Xklp2 was detected on the centrosomes at
in Figure 5Dh). In half-spindles, it was concentratedall stages of the cell cycle. At metaphase (K), Xklp2 was also found
at the pole, around and between the unseparatedon spindle microtubules. This staining decreased through anaphase,
centrosomes often extending slightly onto the microtu-so at telophase only the centrosomes were stained (Q). Scale bar,
10 mm. bules (see arrowheads in Figures 5Dg, 5Di, and 5Dj).
The GST±Xklp2-ST (stalk plus tail) protein had a similar
localization (data not shown). By contrast, the GST±and Mitchison, 1991; Shamu and Murray, 1992). Sperm
Xklp2-S2 (stalk only) was not localized on the spindles,nuclei were added to extracts arrested in second meta-
and control spindles assembled in the presence of thephase of meiosis (CSF extract) (Figures 4A and 4B) that
GST protein were not stained by the anti-GST antibodywere subsequently sent into S phase by addition of
(data not shown).Ca21. During this step, DNA replicated and centrosomes
The level of spindle assembly inhibition was propor-duplicated (Figures 4C and 4D). The extracts were then
tional to the concentration of GST±Xklp2-T and GST±sent back into mitosis by adding an equal volume of
Xklp2-ST proteins in the extract (Figures 5B and 5C).CSF extract. Within 15 min following entry into mitosis,
The minimum concentration required to obtain a 50%microtubules shrunk, and the small centrosomal asters
inhibition was close to the endogenous protein concen-began to migrate around each nucleus (Figures 4E and
tration in the extracts (Figures 5B and 5C). Almost com-4F, see drawing and pictures). Between 15 and 30 min,
plete inhibition was obtained with a 20-fold excess ofthe chromosomes condensed and the nuclear envelope
GST±Xklp2-T. This indicated that the recombinant pro-started to break down while the centrosomes continued
tein competed efficiently with the endogenous Xklp2to separate (Figures 4E and 4F). During this time, three
protein for binding tospecific targets. In control samplesdifferent kinds of microtubule arrays could be observed.
One of them was formed by astral microtubules growing where spindle assembly was done in the presence of
Xklp2, a Centrosome-Associated Kinesin-like Protein
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Figure 4. Mitotic Spindle Assembly in Xeno-
pus Egg Extracts
(A±K) In vitro spindle assembly method
(Shamu and Murray, 1992). Schematic repre-
sentation of the main figures observed at
each time in the assembly reaction are shown
(left, microtubules are represented in red and
DNA in blue) together with pictures (right,
A±K) showing the tubulin and DNA stainings.
About 10 min after addition of sperm nuclei to
the mitotic extract, mitotic asters were clearly
visible growing off the sperm midpiece (A and
B). Addition of Ca21 released the meiotic
block leading to chromatin decondensation
and the formation of nuclei surrounded by
long microtubules (C and D). Mitosis was then
induced by addition of a mitotic extract. As
a result, about 15 min later, the chromatin
condensed and centrosomes started to sep-
arate (E and F). Three sets of microtubule
arrays could be observed after this time: one
extending between the two centrosomes (E
andG), another formed from thecentrosomes
toward the chromatin (small arrows in E and
G),and a third seemed to form on the chroma-
tin (left arrow in G). Bipolar spindles with chro-
mosomes aligned at the metaphase plate
were the prevalent structures seen after 60
min. Scale bar, 20 mm.
(L) Confocal overlay picture of a bipolar spin-
dle assembled in the presence of rhodami-
nated tubulin (red) and stained with the anti-
Xklp2-T antibody (green). Xklp2 is mainly lo-
calized at the spindle poles.
equivalent concentrations of GST, only 2%±7% of the structures that became more abundant at later time-
points (Figure 6C, bottom).mitotic figures observed looked like rosettes or asym-
metric spindles.
Addition of anti-Xklp2 antibodies (anti-Xklp2-S or anti- Discussion
Xklp2-T) to the extract at thebeginning of the experiment
also blocked bipolar spindle assembly, leading mostly Xklp2 Is a Novel Klp
to the formation of half-spindles with unseparated We report the cloning and characterization of Xklp2, a
centrosomes (Figure 6A). The proportion of bipolar spin- novel KLP from Xenopus identified initially by polymer-
dles formed was reduced by about 46%±80% (Figure ase chain reaction (PCR) (Vernos et al., 1993). Xklp2
6B), whereas the addition of rabbit immunoglobulin G organization is typical of plus end±directed motors with
(IgG) to the extract was without effect. a motor domain at the N-terminus. Accordingly, we have
To determine whether Xklp2 was also required for shown that Xklp2 motor domain moves toward the plus
the maintenance of spindle bipolarity after centrosome end of microtubules. Outside the motor domain, there
separation, spindles were assembled for 60 or 70 min, are no striking sequence similarities with other KLPs,
and the recombinant protein or anti-Xklp2-T antibodies and Xklp2 cannot be classified into any of the known
were added. Twenty minutes after addition of the re- subfamilies. A specific structural feature of Xklp2 is the
agents, bipolar spindles seemed to collapse with the absence of a C-terminal globular domain. In this sense,
poles being drawn back together (results obtained in Xklp2 resembles myosin II: they are both extended
two independent experiments for each case). The main asymmetric molecules with a globular head followed by
abnormal figures observed were asymmetric spindles a long rod domain. Additionally, both molecules have
(Figure 6C, top), paired half-spindles resembling pro- a significant (Sander and Schneider, 1991) sequence
similarity throughout their rod domains (19%±22%metaphase figures (Figure 6C, middle), and rosette
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amino acid identity over regions of >500 amino acids).
It is tempting to speculate that Xklp2 may self-assemble
according to a principle similar to that leading to the
formation of myosin II filaments (Sinard et al., 1990;
Warrick and Spudich, 1987). The Leu zipper at the
C-terminal end of the protein may be important either
in the homodimerization of Xklp2 or in its hetero-oligo-
merization with other proteins such as centrosomal pro-
teins.
Like other mitotic KLPs, Xklp2 has a consensus phos-
phorylation site for cdc2 kinase. At least in the case of
Xenopus Eg5, this site has been shown to be required
for the localization of the protein on the mitotic spindle
(Sawin and Mitchison, 1995). While in many KLPs the
cdc2 sites are localized in the tails, in Xklp2 it is localized
in the middle of the molecule in a region where the
coiled-coil structure is interrupted. Phosphorylation of
Xklp2 by cdc2 kinase could modulate the conforma-
tional stateof the rod, oraffect Xklp2 function or localiza-
tion during mitosis, or do both.
Xklp2 Is a Centrosomal Protein
Xklp2 is localized on the centrosomes throughout the
cell cycle, and the staining pattern suggests that it is in
the pericentriolar material. This is further supported by
the localization of the GST±Xklp2-T and GST±Xklp2-ST
in rings at the poles of half-spindles and at the center
of rosettes. The lack of localization of the GST±Xklp2-
S2 stalk fragment to the poles of spindles assembled in
egg extracts shows that sequences in the 250 C-terminal
residues are essential for targeting the protein to
centrosomes. Xklp2 is certainly an integral component
of centrosomes, since its localization is not affected by
depolymerization of microtubules. Furthermore, it is also
present in low amounts in sperm centrosomes. The lo-
calization of the GST±Xklp2-T recombinant protein on
the centrosomal area indicates that there is a dynamic
equilibrium between the centrosome-associated form
and the soluble pool of Xklp2. A similar equilibrium prob-
ably exists for kinesin, since only a small proportion is
(C) Western Blot analysis of equal amounts of egg extracts con-
taining GST±XKlp2-T (2±96 mg/ml) (C1), GST±Xklp2-S2 (lane S2) or
GST±Xklp2-S1 (lane S1) (C2), and GST±Xklp2-ST (lanes 1, 2,
and 3) (C3).
In (C1), the relative amount of GST±Xklp2-T with respect to the en-
dogenous protein is compared by probing the blot with the anti-
Xklp2-T antibody (0.4 mg/ml). Lane 0 corresponds to a sample of
Figure 5. Inhibition of Centrosome Separation by GST±Xklp2 Domi- egg extract containing the GST protein. Lane C, equivalent amount
nant Negative Mutants of extract without recombinant protein. In (C2), the blot was probed
(A) Fusion proteins used as dominant negative mutants in the in with the anti-Xklp2-S antibody (0.5 mg/ml), and in (C3), the blot was
vitro spindle assembly assay. probed with the anti-Xklp2-C antibody (1 mg/ml).
(B) Graphs showing the effect of increasing concentrations of GST± (D) Structures observed when spindles were assembled in the pres-
Xklp2-T (B1), GST±Xklp2-S2, GST±Xklp2-S1 (B2), and GST±Xklp2-ST ence of the GST±Xklp2-T protein. Two predominant structures were
(B3) on spindle assembly. Nuclei and mitotic figures were scored 60 observed: rosettes with radial arrays of microtubules surrounded
min (B1) or 80 min (B2 and B3) after entry into mitosis. The amount by chromosomes (a, b, and h) and monopolar spindles with unsepa-
of recombinant proteins added to the assay with respect to the rated centrosomes (c, d, i, and j) sometimes aggregating into more
endogenous protein is shown in (C1), (C2), and (C3), respectively. In complex structures (e, f, and g). (a), (c), and (e) show the tubulin
(B1), average values and error bars from three separate experiments staining, and (b), (d), and (f) show the corresponding DNA staining.
are shown. The control sample (0 bar) contained 17±41 mg/ml GST. (g)±(j) are overlays of confocal images of figures assembled in the
For each condition, 90±200 nuclei were counted. In (B2), 67±97 nuclei presence of rhodaminated tubulin (red) and stained with the anti-
were scored, and in (B3), for each condition, 42±150 nuclei were GST antibody (green). The GST±Xklp2-T protein is localized around
counted. In (B3), number 4 contained the S1 protein at a concentra- and between the centrosomal areas of monopolar spindles (g, i,
tion equivalent to the endogenous Xklp2concentration in the extract and j) and at the center of the rosettes (h). Scale bar, 20 mm for all
and was used as a control. panels except (g) where it represents 50 mm.
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of pushing forces acting between antiparallel microtu-
bules originating from each centrosome. The other
mechanism invokes the action of forces pulling on astral
microtubules making contact with the cell cortex. In this
paper, we show that spindle assembly is blocked by
fusion proteins containing the C-terminal (tail) domain
of Xklp2 and lacking the motor domain. These proteins
must act as dominant negative mutants because they
localize to the pericentriolar area as the wild-type pro-
tein, but cannot substitute for Xklp2 function because
they lack the motor domain. The effect of these mutant
proteins must be specific, since they block spindle as-
sembly at concentrations similar to that of the endoge-
nous Xklp2 protein. The finding that the stalk domain of
Xklp2 does not block spindle assembly shows that the
inhibitory effect of the proteins containing the tail do-
main is exerted through their localization to the
centrosomes. Antibodies against the Xklp2 tail also
blocked spindle assembly, probably by inhibiting the
interaction of the protein with centrosomes. This effect
of the antibodies must be specific, since control anti-
bodies had no effect. In addition, in similar experiments
in which we tested the function of another KLP (Xklp1),
the initial steps of spindle assembly were not affected
(Vernos et al., 1995).
The typical figures formed when Xklp2 function is
blocked are either monopolar spindles or radial microtu-
bule arrays with the two centrosomes in the center (ro-Figure 6. Effect of Anti-Xklp2 Antibodies on Bipolar Spindle Assem-
bly and Stability settes) and the chromosomes arranged circularly
around themicrotubule arrays. The same kind of ªabnor-(A) Mitotic figures observed in extracts containing the anti-Xklp2-T
antibody (220±380 mg/ml) at 60±80 min after entry into mitosis. The malº mitotic figures have been reported in two Drosoph-
predominant structures are monopolar spindles or half-spindles ila mutants, dal (Sullivan et al., 1990) and aurora (Glover
with slightly separated but still closely paired centrosomes. Scale et al., 1995) affecting centrosome separation during the
bar, 20 mm.
embryonic mitotic divisions. Since the dal and aurora(B) Quantification of the anti-Xklp2-T antibody effect on bipolar spin-
mutants were analyzed in vivo by time-lapse video mi-dle assembly. Average values from four experiments; 20±140 nuclei
were counted at each timepoint, and the results were expressed as croscopy after injection of fluorescently labeled tubulin,
percent of the total number of nuclei counted. The open bars repre- it is clear that these phenotypes correspond to defects
sent the percent of bipolar spindles in the control samples (con- in the initial stage of centrosome separation. The data
taining 280±400 mg/ml rabbit IgG), and the closed bars represent also show that Xklp2 is required to maintain the poles
the percent of bipolar spindles in samples containing the anti-Xklp2-
of bipolar spindles apart, since preassembled spindlesT antibody (250±380 mg/ml). In the presence of the anti-Xklp2-T
collapse upon the addition of dominant negative mu-antibodies, bipolar spindle assembly was inhibited by 46%±80%.
(C) Figures observed when anti-Xklp2-T antibody (200 mg/ml) was tants or antibodies.
added to preassembled spindles (at 60 min). Top, asymmetric spin- Formally, the inhibition of centrosome separation by
dle with the DNA (b) closer to one pole; middle, collapsing spindle; the recombinant proteins and the antibodies could be
bottom, rosette. The arrows indicate the position of the DNA. Scale interpreted as the result of an effect either on centrosome
bar, 20 mm.
organization or on centrosome separation. However, the(D) Quantification of the effect of anti-Xklp2-T antibody on preas-
fact that the poles of preassembled spindles collapsesembled spindles. Average values from two experiments in which
71±107 figures were counted, respectively. At 60 min after entry into after addition of the reagents favors the latter interpreta-
mitosis, 65% of the figures were bipolar spindles. Twenty minutes tion and suggests that Xklp2 participates in pushing
after addition of the antibody only 25% of the figures were bipolar forces involved in centrosome separation.
spindles.
Xklp2 and the BimC Subfamily
associated to vesicles (Pfister et al., 1989). The in- The members of the bimC subfamily (Bloom and Endow,
creased centrosomal staining observed at the onset of 1994) seem to be involved in centrosome separation.
mitosis is probably due to a recruitment of Xklp2 from On the basis of its function and localization, Xklp2 would
the soluble pool onto the pericentriolar material. therefore be expected to belong to the bimC family.
However, Xklp2 lacks the level of sequence similarity
found between members of this subfamily both in theThe Function of Xklp2 in Spindle Assembly
The experiments reported in this paper show that Xklp2 motor and the tail domains and, thus, Xklp2 does not
belong to this subfamily.is required for the initial steps of centrosome separation.
Two mechanisms have been proposed to explain how Both Xklp2 and the Xenopus bimC subfamily member
Eg5 (Le Guellec et al., 1991) are required for spindlecentrosomes separate. One of them invokes the action
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assembly, indicating that they may fulfill nonoverlapping
functions. Inhibition of Eg5 function by antibody addition
to egg extracts or immunodepletion (Sawin et al., 1992)
produced a phenotype similar to that observed when
Xklp2 function is blocked. However, the authors men-
tioned that the spindle poles were splayed and sug-
gested that Eg5 was required to keep spindle microtu-
bules associated with the centrosomes and that failure
of centrosome separation could be a consequence of
this effect. Block of function of Xklp2 does not induce
the splaying of poles in our experiments. It will be inter-
esting to reexamine precisely the function of Eg5 and
to compare it with that of Xklp2 in the same experiment.
Although the phenotypes obtained in both cases are
apparently similar, it is likely that each protein fulfills a
different function.
Potential Mechanism of Xklp2 Action
on Centrosome Separation
In this paper, we have shown that Xklp2, a plus end±
directed motor, is localized at centrosomes and that its
motor domain is required for centrosome separation
during spindle assembly. In addition, it seems to be
involved in the pushing forces that maintain spindle
poles apart. Therefore, Xklp2 by moving toward the plus Figure 7. Model for Xklp2 Function on Centrosome Separation
end of microtubules originating from the opposite (A) During prophase, Xklp2 molecules (green) localized at the
centrosome (black) interact with the plus end of microtubules (red)centrosome could generate pushing forces necessary
nucleated at the opposite centrosome. This interaction stabilizesfor centrosome separation (Figure 7A).
these microtubules and promotes their growth. By moving towardThis interaction could stabilize the highly dynamic mi-
the plus end of these growing microtubules, Xklp2 could produce
totic microtubules and promote their growth between pushing forces leading to centrosome separation.
the centrosomes, creating the minispindles seen in Fig- (B) At metaphase, Xklp2 could also form bipolar filaments that would
ure 4E during early stages of spindle assembly before interact with antiparallel microtubules and promote their sliding
apart.nuclear envelope breakdown, when chromatin has still
Chromosomes are indicated in purple. The arrows on motors showno effect on microtubule dynamics (see Figures 4E±4F).
the direction of motor movement. Addition of tubulin subunits toThis initial stabilizationmay allow furtherbinding of other
the plus or from the minus ends of microtubules is also indicated.
plus end±directed motors to microtubules in the equato-
rial zone of the minispindle. Altogether, these motors
The EcoRI insert from this phage (4.5 kb) was subcloned into thewould produce the pushing forces that promote and
Bluescript SK plasmid to generate pBluescript K9. Sequencing tem-maintain centrosome separation (Figure 7). The effect
plates were generated by restriction fragment subcloning into
of centrosomal Xklp2 on microtubule stabilization may pBluescript SK(1) vector and by making nested deletions with exo-
be similar to that of the chromosomal associated Xklp1 nuclease III (Henikoff, 1987). Overlapping clones were sequenced
that stabilizes antiparallel microtubules in the fully on both strands using either the T7, the T3, or internal primers. The
59 end of the ORF was found in clone K13. The ends of Bluescriptformed spindle (Vernos et al., 1995). Xklp2 molecules
SK(1) plasmid K13 (3.3 kb) were sequenced on both strands. Thelocated in the vicinity of spindle poles may also act
full-length ORF was subcloned into a Bluescript SK(1) plasmid asduring metaphase on the few microtubules that run from
follows: a 364 bp fragment from pBluescript K13 containing the 59
one pole to the other (Ding et al., 1993). end sequence of Xklp2 (from the EcoRI site to the internal KpnI site)
The present results show that, in vertebrate cells, plus was amplified by PCR. A KpnI±SalI fragment containing the 39 end
end±directed motors are involved in the initial phases of sequence of Xklp2 was obtained by restriction digestion of pBlues-
cript K9. These fragments were ligated into an EcoRI±SalI-digestedspindle assembly. They may stabilize intercentrosomal
vector. The PCR-produced region was sequenced to select themicrotubules and participate in the pushing forces re-
clones containing the correct sequence.quired for centrosome separation. In other systems,
pulling forces applied on astral microtubules may play Expression Constructs
a more prominent role in centrosome separation and Recombinant fragments of Xklp2 were expressed in bacteria as
positioning (Waters et al. 1993). This latter effect may fusion proteins with maltose-binding protein (MBP) using the pmal-
c2 vector (New England Biolabs) or GST using the pGEX vectorsbe particularly important in spindle orientation in early
(Stratagene) or both. The following constructs were made: MBP±embryogenesis and epithelial cells (Hyman and White,
Xklp2-M and GST±Xklp2-M, amino acids 1±720 corresponding to1987; Reinsch and Karsenti, 1994).
the motor and part of the stalk of Xklp2; MBP±Xklp2-S1 and GST±
Xklp2-S1, amino acids 363±720, a trunctated stalk; GST±Xklp2-S2,
Experimental Procedures amino acids 363±1136, the full-length stalk; MBP±Xklp2-T and GST±
Xklp2-T, amino acids 1137±1387, the tail of Xklp2; GST±Xklp2-ST,
amino acids 363±1387, the Xklp2 full-length stalk plus tail. The Xklp2Cloning and Sequencing
Most of the Xklp2 cDNA sequence was obtained from one lgt10 subfragments with the appropriate restriction sites for cloning were
produced by PCR.clone recovered from an oocyte cDNA library (Vernos et al., 1993).
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Expression and Purification of Xklp2 K-PIPES, 2 mM Mg(Ac2)2, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF,
10 mg/ml leupeptin, 10 mg/ml pepstatin, mg/ml aprotinin), and resus-Recombinant Proteins
Recombinant plasmids, pGEX and pmal, were transformed into TG1 pended (3.5 ml of buffer/g of wet cell pellet) in MB. Cells were
subsequently broken by sonication (three times for 30 s, interruptedor XL1Blue cells for protein expression. GST fusion proteins were
purified according to the instructions provided by Pharmacia and by 30 s intervals, tip sonicator, 60 kHz) and incubated with DNAse
I (40 mg/ml, for 15 min on ice). The cell debris were pelleted byto the method described by Smith and Johnson (1988). MBP fusion
proteins were purified as follows. Pellets from induced cells were centrifugation (25,000 3 g for 20 min at 48C), and the supernatant
was cleared by a second centrifugation (110,000 3 g for 60 minresuspended in column buffer (CB: 20 mM Tris±HCl [pH 7.4], 200
mM NaCl, 1 mM EDTA, 1 mM DTT, and proteolytic inhibitors) in 1/20 at 48C).
Tubulin (about 10 mg/ml) was supplemented with 1 mM GTP andvol of the original culture, frozen in liquid nitrogen, and stored at
2708C. The cells were thawed, incubated with lysozyme (1 mg/ml) spun (50,000 rpm in a TLA 100 for 10 min at 48C) to remove any
aggregates. One volume of MB (containing 1 mM GTP) was added,at 48C for 30±60 min, and broken by sonication. Triton X-100 was
added (1% v/v), and the lysate was centrifuged at 10,000 rpm (SS34 and the solution was further diluted with 1 vol of 66% glycerol in
MB/GTP. Microtubules were polymerized at 378C for 25 min andSorval) for 30 min. The lysate was diluted to a final concentration
of 2 mg/ml with CB containing proteolytic inhibitors and was passed stabilized by addition of 1 vol of MB/GTP and 20 mM Taxol for 5
min at room temperature.through a prepacked amylose resin column (New England Biolabs)
at a rate of 1 ml/min. The MBP fusion protein bound to the amylose Bacterial HSSs were cleared by centrifugation (50 K for 10 min at
48C) and supplemented with AMP±PNP (2 mM) and taxol (10 mM).resin was eluted with CB containing 10 mM maltose and proteolytic
inhibitors. The supernatant was incubated with polymerized microtubules (1/10
vol, about 0.2 mg/ml) for 20 min at room temperature. The microtu-
bules were pelleted by centrifugation (SW40 rotor, 24,000 rpm forAntibody Production
20 min at 228C) through a 40% (w/v) sucrose cushion (in MB), resus-Antisera were obtained by immunizing rabbits with purified MBP
pended in MB containing 5 mM Taxol and 2 mM AMP±PNP, andfusion proteins or with a peptide coupled (Harlow and Lane, 1988)
spun again (TLS-55, 30 K for 20 min at 228C) through a 40% (w/v)to KLH (Calbiochem). Immunization of animals was performed as
sucrose cushion. The GST±Xklp2-M protein was eluted from thedescribed by Harlow and Lane (1988). Antibodies were affinity puri-
microtubules by resuspending the microtubule pellet in 1/50 of thefied against the corresponding GST fusion protein or the peptide
original lysate volume of MB, containing 10 mM Mg±ATP, and 200bound to CNBr-activated Sepharose 4B (Pharmacia).
mM KCl, at room temperature for 15 min. The eluted motor protein
was recovered by centrifugation (TLA100, 30,000 rpm for 20 min atTissue Culture
228C) and used immediately for assaying microtubule motility orXL177 cells, derived from a whole tissue homogenate of stage 40
kept frozen in the presence of 10% glycerol.Xenopus embryos (Miller and Daniel, 1977), were cultured in Leibow-
itz L-15 medium with glutamine containing 15% FCS at room tem-
perature. Cells were split every third day 1:3 and allowed to reach Motility Assay
full confluency. For immunofluorescence, fully confluent cells were The assay was carried out according to Hyman (1991). A microscope
split 1:2 onto coverslips and were allowed to grow for 24 hr before perfusion chamber (about 7 ml) was prepared between a glass slide
fixation. and a coverslip (Gold Seal, Clay Adam's). The chamber was pre-
coated with the anti-Xklp2-S antibody (0.8 mg/ml, 2 min), washed
Xenopus Tissue and Culture Cell Extracts once with MB, and then perfused with casein (5 mg/ml, 1 min). After
Tissue extracts were prepared as previously described (Andersen washing twice with 10 ml of MB, the purified GST±Xklp2-M (at about
et al., 1994). To prepare XL177 cell extracts, cells (confluent cultures 1 mg/ml) was perfused into the chamber and allowed to bind for 2
from 8 3 10 cm dishes) were washed with 70% PBS and harvested min. The nonbound protein was removed by perfusion of 30 ml
by scraping and centrifugation (1000 rpm for 10 min). The cell pellet of MB. Polarity-marked rhodamine-labeled microtubules were then
was resuspended in 0.5 ml of cold homogenization buffer (3 mM introduced into the chamber followed by the perfusion of 10 mM
imidazole [pH 7.4], 250 mM sucrose, and proteolytic inhibitors), and ATP inMB containing 10 mM taxol andan oxygen scavenging system
the cells were broken by passing through a 25G1 needle. Homogeni- (0.1 mg/ml catalase, 0.03 mg/ml glucose oxidase, 10 mM glucose,
zation was monitored by scoring the percent of naked nuclei. Nuclei and 0.1% b-mercaptoethanol) (Kishino and Yanagida, 1988). Fluo-
were removed by centrifugation (3000 rpm for 10 min at 48C). rescence microscopy was performed on a Zeiss Axiophot using a
To prepare cytosol, the postnuclear supernatant (PNS) was sub- 633 objective lens. The image was recorded by a Hamamatsu sili-
jected to two centrifugation steps at 22,000 3 g (20 min) and at con-intensified target camera and was stored onto an optical disc
185,000 3 g (1 hr at 48C). The pellets from each centrifugation step using a SONY LVR600A video disc recorder and a Hamamatsu Ar-
were resuspended in the original volume of the centrifuged sample. gus-10 image processor.
The DNA in the total cell extract and the nuclei fraction was digested
by treatment with DNAse I (10 mg/ml, 15 min on ice).
Immunofluorescence
XL177 cells grown on 10 3 10 mm coverslips were fixed in MeOHXenopus Egg Extracts and Microtubule
(10 min at 2208C). In some cases, the cells were preextracted (4 s)Motor Preparation
in a microtubule-stabilizing buffer (MSB: 80 mM K-PIPES [pH 6.8], 5CSF-arrested extracts (mitotic extracts) were prepared from unfertil-
mM EGTA, 1 mM MgCl2) containing 0.5% Triton X-100. Alternatively,ized eggs of Xenopus laevis following the protocol described by
cells were fixed in glutaraldehyde (MSB, 0.5% Triton X-100, 0.25%Murray (1991). Motor proteins were prepared from egg extracts
glutaraldehyde, 10 min at room temperature). In this case, the freeaccording to the protocols of Vernos et al. (1995).
aldehyde groups were quenched by two successive incubations (10
min at room temperature) with NaBH4 (1 mg/ml in PBS). PrimaryGel Electrophoresis and Immunoblotting
and secondary antibodies were diluted in PBS plus 3% BSA andSDS±PAGE was performed according to the procedure of Laemmli
applied for 15±20 min at room temperature. The DNA was stained(1970) using a Mini-Protean II Dual Slab Cell system (Bio-Rad). Poly-
with Hoechst (5 mg/ml) for 5 min, and the coverslips were mountedacrylamide gels (6%±8%) were used for analyzing egg or tissue
in Mowiol (Hoechst).culture extracts. Blots were developed by the alkaline phosphatase
reaction using as substrates NBT and BCIP (Harlow and Lane, 1988).
Light Fluorescence and Confocal
Fluorescence MicroscopyMicrotubule Sedimentation Assay
of Recombinant Proteins Fluorescence microscopy was performed on a microscope (Axio-
phot; Carl Zeiss, Incorporated) with the 633 Ph3 Pan-ApochromatBacteria cells carrying the pGEX±Xklp2-M plasmid were induced
with IPTG (0.1 mM, 17 hr at 158C±208C). Cells were centrifuged lens. Pictures were taken with black and white film (TMY 400 Kodak,
developed at 1600 ASA). Confocal fluorescence microscopy was(4000 3 g for 20 min), washed once with motor buffer (MB: 100 mM
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performed with the compact confocal scanning laser beam fluores- Doxsey, S.J., Stein, P., Evans, L., Calarco, P.D., and Kirschner, M.
(1994). Pericentrin, a highly conserved centrosome protein involvedcence microscope developed at the European Molecular Biology
Laboratory (Stelzer et al., 1989). The 529 nm and 476 nm or 488 nm in microtubule organization. Cell 76, 639±650.
laser lines of an argon ion laser (Spectra-physics) were used for Felix, M.A., Antony, C., Wright, M., and Maro, B. (1994). Centrosome
excitation of rhodamine- and fluorescein-labeled samples, respec- assembly in vitro. J. Cell Biol. 124, 19±31.
tively. The images were obtained using the 1003 lens.
Gard, D.L. (1994). g-Tubulin is asymmetrically distributed in the cor-
tex of Xenopus oocytes. Dev. Biol. 161, 131±140.
Image Acquisition
Glover, D.M., Leibowitz, M.H., and McLean, D.A. (1995). Mutations
Image analysis was performed using the NIH Image public domain
in aurora prevent centrosome separation leading to the formationprogram or the Adobe Photoshop program. Images for figures were
of monopolar spindles. Cell 81, 95±105.contrast enhanced in the Adobe Photoshop for final graphic presen-
Gorbsky, G.J. (1992). Chromosome motion in mitosis. Bioessays 14,tation. Figures were digitally printed using a dye sublimation printing
73±80.process (Kodak).
Harlow, E., and Lane, D. (1988). Antibodies: A Laboratory Manual
(Cold Spring Harbor, New York: Cold Spring Harbor LaboratoryIn Vitro Spindle Assembly Assay
Press).Assembly of bipolar metaphase spindles in vitro was conducted as
described by Shamu and Murray (1992). Xklp2 function was blocked Henikoff, S. (1987). Unidirectional digestion with exonuclease III in
by preincubating the CSF-arrested extracts with anti-Xklp2 antibod- DNA sequence analysis. Meth. Enzymol. 155, 156±165.
ies (anti-Xklp2-T or anti-Xklp2-S at 220±400 mg/ml, diluted 1:10 in Heringa, Y., and Argos, P. (1993). A method to recognize distant
the extract) or GST±Xklp2-T protein (2±96 mg/ml, in CSF-XB buffer) repeats in protein sequences. Proteins 17, 391±411.
on ice for 30 min before addition of rhodamine tubulin and sperm
Hiller, G., and Weber, K. (1978). Radioimmune assay for tubulin: anuclei. Spindles were assembled in a final reaction volume of 32 ml.
quantitative comparison of the tubulin content of different estab-The effect of the antibody on spindle assembly was compared with
lished tissue culture cells and tissues. Cell 14, 795±804.the control that contained an equal amount of nonspecific rabbit
Hyman, A.A. (1991). Preparation of marked microtubules for theIgG (250±400 mg/ml) or GST (16±46 mg/ml) protein. The role of Xklp2
assay of the polarity of microtubule-based motors by fluorescence.in metaphase was examined by adding the antibody or the fusion
J. Cell Sci. (Suppl.) 14, 125±127.protein (at 1/10 of the extract volume) at 60 min after entry into
mitosis and observation after 20 min. Light micrographs were taken Hyman, A.A., and White, J.G. (1987). Determination of cell division
on a Zeiss Axiophot with 403 objectives using TMY 400 black and axes in the early embryogenesis of Caenorhabditis elegans. J. Cell
white Kodak film. Biol. 105, 2123±2135.
In vitro assembled spindles were processed for immunofluores- Karsenti, E. (1991). Mitotic spindle morphogenesis in animal cells.
cence as follows: 20 ml of spindle assembly reaction was diluted Semin. Cell Biol. 2, 251±260.
1:50 with fix solution (BRB80: 80 mM K-PIPES, 5 mM EGTA, 1 mM
Kishino, A., and Yanagida, T. (1988). Force measurements by manip-MgCl2 with 1 mM GTP, 30% glycerol, 0.25% glutaraldehyde) and ulation of a single actin filament. Nature 293, 566±568.incubated at room temperature for 5 min. Spindles were subse-
Kobel, H.R., and Du Pasquier, L. (1986). Genetics of polyploid Xeno-quently spun (10,000 rpm, HB4, for 15 min at 208C) on coverslips
pus. Trends Genet. 2, 310±315.(11 3 11 mm) through a 5 ml, 40% glycerol cushion (in BRB80)
as described by Sawin and Mitchison (1991). The coverslips were Laemmli, U.K. (1970). Cleavage of structural proteins during the
postfixed in MeOH (-208C for 5 min). The glutaraldehyde was assembly of the head of bacteriophage T4. Nature 227, 680±685.
quenched with NaHB4, and the coverslips were stained with primary Le Guellec, R., Paris, J., Couturier, A., Roghi, C., and Philippe, M.
and secondary antibodies and Hoechst. (1991). Cloning by differential screening of a Xenopus cDNA that
encodes a kinesin-related protein. Mol. Cell. Biol. 11, 3395±3398.
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